Introduction
The most im por tant ap pli ca tions of ra di ant heat trans fer cal cu la tions are encoun tered in the de sign of steam gen er at ing power and in dus trial boil ers. An an a lyt i cal so lu tion of the prob lem of heat trans fer in the fur nace of a steam gen er at ing unit is extremely com plex, and it is im pos si ble to cal cu late fur nace tem per a ture coun ters by the oret i cal meth ods alone [1] . Since the art of the con struc tion of these units de vel oped be fore the the ory, em pir i cal meth ods were envolved for the fur nace ther mal calculation first. Var i ous con tri bu tions to the ther mal sci ence in gen eral and spe cific ra di ant heat trans fer prob lems have made pos si ble a more fun da men tal ap proach to fur nace de sign [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Many em pir i cal, semi-the o ret i cal and an a lyt i cal meth ods for the fur nace ther mal cal cu lations are now avail able. Each of the ex ist ing meth ods has its draw backs and the lim ited field of ap pli ca tion [2] .
Nu mer i cal sim u la tion mod els have be come an in creas ingly im por tant de sign and anal y sis tool for the sim u la tion of flow, heat trans fer and com bus tion phe nom ena sur round ing boiler com po nents and aux il iary equip ment. The sim u la tion is com pleted with the use of com pu ta tional fluid dinamics (CFD) soft ware ex e cut ing on high speed, large mem ory desk top work sta tion com put ers. Ex pe ri ence has dem on strated that purchased soft ware pack ages by them selves are not ad e quate to pro duce re li able nu mer i cal re sults [3] . Re li able re sults are achived when the nu mer i cal re sults are used to aug ment tra di tional boiler de sign and anal y sis tools and em pir i cal data.
Main prob lem is solv ing the equa tions of ra di a tive trans fer and the en ergy equation in par tic i pat ing me dia when en ergy trans fer modes or sources are pres ent in ad di tion to ra di a tion. In cited lit er a ture we met a great num ber of var i ous meth ods for solv ing the ra di a tion trans fer re la tions for prob lems with ra di a tion only and for those in which ra di ation is com bined with other heat trans fer modes (con duc tion, forced and free con vection): the Monte Carlo method, ap prox i ma tion of spher i cal har mon ics, method of ra di ation el e ments, method of char ac ter is tics, dif fer en tial method, Hotell zone method [4] and its many vari a tions, and so on. One of the re cent trends in the pro ce dure of solv ing the radi a tion trans fer equa tion are com bi na tions of the discrete-or di nate method with the finite-dif fer ence method or the fi nite-el e ments method.
Each of the meth ods for ob tain ing the lo cal radiativ source dis tri bu tion has advan tages and dis ad van tages when it is ap plied to multimode prob lems, and con sid er able ef fort is still needed to im prove nu mer i cal meth ods for solv ing that prob lems [5] .
Fi nally, at the pres ent time, there is no suf fi ciently re li able and ef fi cient sim ple en gi neer ing method for pul ver ized coal fired fur naces, es pe cially for the coal with rel ative in tense re ac tion ca pa bil ity and slag ging ten dency, such as Kosovo lig nite.
Mathematical model
Math e mat i cal model [11] is based on the Nor ma tive stan dard zonal method CKTI and VTI-ENIN [12] and Con struc tive stan dard method [13] with the de ter mi na tion of rel e vant in flu ence pa ram e ters ac cord ing to the char ac ter is tics of Kosovo lig nite [14] .
Ba sic eq. (1) for the zonal method which de ter mine flue gases tem per a ture dispo si tion with fur nace height is the equa tion of the ther mal bal ance of the zone, which, for sta tion ary con di tions, de fines re la tion ship be tween re leased and ex changed heat in the sin gle zone of the fur nace. The cal cu la tion of flue gases tem per a ture in each zone pro ceed from re leased heat ra tio, flue gases enthalpy chang ing, and ra tio of heat that is led out of the zone.
When we take into ther mal cal cu la tion the heat sur face ther mal ef fi ciency fac tor [15] cal cu lated by eq. (3) in which the value of the ther mal ef fi ciency fac tor de pends only on the ra di a tion char ac ter is tics and the tem per a tures of the ra di a tion heat trans fer par tic ipants, cal cu la tion is more com pli cated com pared to the Nor ma tive stan dard zonal method, be cause pre vi ous cal cu lat ing of the tem per a ture of tube de pos its sur face is neces sary. For that rea son in ther mal cal cu la tion is taken into the equa tion of con duc tion through slag de pos its on tubes wall (2) and the equa tion for cal cu lat ing the ef fec tive emissivity of the fur nace in the main zone (4) .
Flue gases tem per a ture on the exit of the main zone is cal cu lated in the stepwise man ner by cal cu lat ing next equa tion sys tem: 
where H ef mz is effective refractory surface in the main zone, calculated as a product of the thermal efficiency factor and the total area of main zone surface:
In these equa tions all in flu ence co ef fi cients and pa ram e ters di rectly de pend on tem per a ture, and be cause of that, it is ob vi ous that this equa tion sys tems can be solved only by us ing the it er a tive pro ce dure. It is adopted Y" = Y z , where Y z is the value of Y at the height h z .
Flue gases tem per a ture on the exit of the zone, which is over main zone, is also cal cu lated in the stepwise man ner by cal cu lat ing next equa tion sys tem: 
and where H ef pz is effective refractory surface in the passage zone:
Af ter the cal cu la tion of flue gases tem per a ture on the in let and the out let for every zone, the heat flow rate for the ra di ant sur face is cal cu lated by equa tion:
where T m is mean flue gases absolute temperature in the observing zone:
In ac cor dance with mean value of q r for each zone we can get de pend ence of heat flow rate of fur nace height, from which we can get heat flow rate for ev ery cross sec tion over the fur nace height.
It is im por tant to men tion that the val ues for ap pro pri ate co ef fi cients were adopted from rec om men da tions [13, 16] , only when the ap pro pri ate ex per i men tal data for Kosovo lig nite do not ex ist [14] .
Testing model
For ther mal cal cu la tions, based on the mod i fied zonal method as a test ing model, power gen er at ing ra di ant steam boiler with dry-ash re moval fur nace is cho sen. Steam boiler OP-650b, man u fac tured by Rafako, Po land, is built in Ther mal Power Plant "Kosovo-A" on the blocks III, IV, and V.
Ther mal cal cu la tion of the fur nace, based on the mod i fied zonal method, is done for four dif fer ent ca pac i ties, from nom i nal power rat ing, e. g. max i mum con tin u ous rate, to 70% of power rat ing.
Fur nace is di vided into four zones (main zone, pas sage zone, recirculation zone, out let zone) and the fur nace hop per. The ge om e try of the fur nace with all di men sions which is nec es sary for ther mal cal cu la tion is shown on fig. 1 .
Ther mal cal cu la tion data are con firmed by com par i son with ex ten sive ex ist ing mea sur ing re sults from the test ing mod els. The ma jor ity of mea sur ing is done be cause of slag ging prob lem in the fur nace and super heat ers dur ing Kosovo lig nite com bus tion. The larg est num ber of ex am i na tions and field tests, de scribed in de tail in [14] , is done by the Lab o ra tory for Ther mal En gi neer ing and En ergy from VIN^A In sti tute of Nu clear Science and Min ing In sti tute from Bel grade.
Computer program
Based on the pre sented math e mat i cal model, com puter pro gram in Vi sual Ba sic pro gram mer's lan guage is made. Com plete fur nace ther mal cal cu la tion pro gram con sists of sev eral parts: part of the pro gram in which the el e ments con nected with fuel are cal culated, part of the pro gram which pro cess the ther mal bal ance of the steam boiler, part of the pro gram for ma te rial and ther mal bal ance of mill ing dry ing, part of the pro gram for con trol ther mal cal cu la tion of the fur nace and, at the end, part of the pro gram which pro -cess the zonal cal cu la tion of the steam boiler fur nace. Be sides these main el e ments of the pro gram, ther mal cal cu la tion pro gram con tains and a se ries of func tion subprograms, which pro vide nec es sary data, which are in lit er a ture mostly tab u lar as signed.
Com plex ther mal cal cu la tion, like this one, can not be done by sim ple ad di tion of all parts of the pro grams and subprograms to one en tity, be cause the se ries of their parts ap pear in pro gram for the sev eral times and cross mu tu ally. Al most all re sults are ob tained by it er a tion pro ce dure and this fea ture pres ent ther mal cal cu la tion of the steam boiler fur nace as a very at trac tive and com plex for com puter re al ize.
Thermal calculation results
A lot of en try pa ram e ters (119 for fur nace of steam boiler OP-650b) are nec essary to pro vide these one-di men sional zonal method of the fur nace ther mal cal cu la tion.
These en try pa ram e ters de fine fol low ing: ge om e try char ac ter is tics of the furnace and of the zones in which the fur nace is di vided, con di tions and pa ram e ters of the work ing fluid, tem per a tures and char ac ter is tics of the fuel and air needed for com bus tion, char ac ter is tics of the mill plant and the ge om e try char ac ter is tics of the heat ing sur faces ar eas. We can not in flu ence on those pa ram e ters be cause they are de ter mined by the math - e mat i cal model of ther mal cal cu la tion it self, as well as by con struc tive char ac ter is tics of cho sen test ing model and by op er a tion pa ram e ters of ther mal plant.
The only "free" en try pa ram e ter with which ther mal cal cu la tion model is defined and con trolled is ther mal re sis tance of the de pos its on the heat ing sur faces. It is directly con nected with thick ness and qual ity of the de pos its on the heat ing sur faces.
Cre ated de pos its neg a tively in flu ence on the ef fi ciency and op er at ing avail ability, i. e. on eco nom i cal op er a tion of the plant in sev eral ways. The di rect and the larg est neg a tive in flu ence of de pos its is in in creas ing ther mal re sis tance of the heat ing ex change sur face be tween flue gases and boiler work ing fluid. Even a small thick ness of ash and slag de pos its on the tubes re duce heat ab sorp tion and in crease reradiation. That takes to un eco nom i cal or re duced pro duc tion as an ef fect of dis tur bance of ther mal bal ance of the steam boiler.
In or der to es tab lish a state of heat ing sur face dur ing steam boiler plant op er ation, for cho sen test ing model, ther mal cal cu la tions of the fur nace are re al ized in all di apa sons of dirt i ness of heat ing sur faces: clean, nor mally dirty, slagged, very slagged, and in ten sively slagged.
With the one-di men sional zonal method of the fur nace ther mal cal cu la tion we re ceive a lot of out put re sults that char ac ter ize heat ex change, for the fur nace on the whole as for the zones in which the fur nace is di vided. How ever, the most im por tant are tem per a ture of flue gases and spe cific heat flow rate along the height of the fur nace. There fore those two pa ram e ters are spe cially sep a rated and, for eas ier anal y sis, graph ically rep re sented.
Cal cu la tion re sults based on zonal method and the av er age re sults of ex per i mental re searches are to gether given on the fig. 2 . The ex per i men tal re searches are per formed at var i ous op er a tion con di tions, im me di ately af ter re pair ing and clean ing heat ing surfaces as well as af ter sev eral days of con tin u ous work, and that is why the graphic pre senta tion of cal cu lat ing op er at ing con di tions for nor mally dirty and very slagged heat ing sur face are cho sen.
Dur ing anal y sis less or more dis agree ments of cal cu la tion and ex per i men tal results were no ticed. It is nec es sary to men tion im por tant sup po si tion in which this cal cu lations are done, that is uni form dis po si tion of de pos its along the fur nace and their con stant thick ness, more pre cisely -ther mal re sis tance of de pos its is even.
An a lyz ing tem per a ture dis tri bu tion and spe cific heat flow rate of heat ing surface along the height of the fur nace we can no tice that in some zones the cal cu la tion results fol low closely the re sults of mea sur ing, as one should ex pect, while in some zones that is not the case (es pe cially mea sure ment N o 3). Change ability of ra di a tion pa ram e ters of flue gases en vi ron ment and thick ness of de pos its on the screen tubes in flu ence on tem per a ture and ra di a tion char ac ter is tics of sur face de pos its, as well as the ef fec tive ness fac tor, look ing through the space and time, cause dis tinc tion in pre sented flue gases tem per a tures and ther mal flow rates dis tri bu tion for some op er a tion con di tion.
On the other side, the way of tem per a ture mea sur ing and fall ing ther mal flux mea sur ing, in volve mea sur ing er rors too, which also, af fects on a dif fer ence of ob served dis tri bu tions. The main cause of this dis agree ments, be side dif fer ent num ber and ar -range ment of mills in a work, is un equal thick ness of cre ated de pos its on ab sorp tion part of flux-me ter and screen tubes them selves. Bear ing this in mind, and ac cord ing to the fact that the num ber of flux-me ters that are built in is rel a tively small, pre sented dis tri bu tion field of mea sur ing val ues of fall ing ther mal fluxes and of flue gases tem per a tures should be ac cepted as con di tion ally cor rect.
Also, al go rithm of cal cu la tion, based on pre sented method, does not in clude distur bances caused by aero dy nam ics (work ing in ter rup tion of one or more fan mills), un expected lo cal slag ging of some parts of screen walls and other op er a tional fac tors, which in spe cific way, in flu ence on com bus tion pro cess and heat ex change in the fur nace.
Two ex am i na tions are cho sen from test ing mea sure ments N o 1 for which there were enough in for ma tion for cal cu la tion to be done. First cal cu la tion was per formed for pro duc tion of 93% of nom i nal power rat ing with the Kosovo lig nite low heat level H l = = 7644 kJ/kg, and a sec ond for pro duc tion of 73% of nom i nal power rat ing with the Kosovo lig nite low heat level H l = 6720 kJ/kg.
At the first cal cu la tion, con sid er ing high steam pro duc tion, as sum ing the ar eas around burn ers in the main zone are mostly slagged and that the level of slag ging is falling in the di rec tion of fur nace out let, then av er age value of ther mal re sis tance of de pos its is cal cu lated as 4.37 m 2 K/kW. For sec ond cal cu la tion it is as sumed that the main zone and the out let zone are most slagged, while the pas sage zone and the recirculation zone are nor mally slagged. The av er age value of ther mal re sis tance of de pos its is cal cu lated as 5.00 m 2 K/kW ( fig. 3 ).
It is easy to no tice that the ob tained cal cu la tion re sults match very well with the re sults of ex per i men tal test ing, es pe cially for the tem per a ture in the mid dle of the furnace, and that some dis agree ments, pre sented mostly in the ac tive com bus tion zone, are lo cated be tween mea sur ing ac cu rate lim its.
Con sid er ing that char ac ter is tics of com bus tion lig nite are some what dif fer ent from char ac ter is tics of guar an teed lig nite with which the cal cu la tions are done, as well as that op er a tional fac tors dur ing the ex per i men tal test ing were slightly dif fer ent from the cal cu lated one, agree ments of cal cu lated and ex per i men tal re sults are sat is fac tory.
Anal y sis of the spe cific heat flow rate of heat ing sur face dem on strate very large in flu ence of heat ing sur face dirt i ness fac tor on ther mal flux ab sorp tion rate, which is under stand able. It is no ticed that by in creas ing of pro duc tion rate of the boiler and level of slag ging, the ac tive zone of com bus tion in creases too. The re gion with rais ing tem per atures and heat flow rates in creases, and not only along the height of the fur nace, but also along the width of the fur nace. Ex cep tional in flu ence of the de pos its on the asym me try of the ther mal pic ture in the fur nace is no tice able on all fig ures.
At the same time a very large flexibilities of the pro posed mod i fied zonal method of cal cu la tion are no ticed, which re sult in an ex cel lent pos si bil ity for math e mat ical sim u la tion of al most ev ery op er a tional sit u a tion which can ap pear dur ing op er at ing and plant exploitation.
Conclusion
With the ap pro pri ate com puter pro gram nu mer ous ther mal cal cu la tions of the fur nace are done, based on the pre sented one-di men sional zonal method. The re sults of Com par i son of the cal cu lat ing re sults and mea sur ing re sults lead to con clu sion that the pro posed method is suit able for the cal cu la tion of ther mal re gime in a fur nace cham ber of large power boil ers in the case when ther mal re sis tance of de pos its is great, vari able in time and dif fer ent in some parts. Also, the method is very suit able for anal y sis of real con di tions in the fur nace in which the con di tions of fur nace work are dif fer ent from the pro jected one, as well as for sim u la tion of var i ous op er at ing con di tions. 
Nomenclature

